shown to be an essential component of tumor development, again supporting Virchow's initial hypothesis. 4, 5 Inflammation has many important functions in the various stages of tumor growth that include initiation, promotion, progression, invasion, and metastasis. 4, 5 Numerous inflammatory mediators have been implicated in cancer metastasis such as interleukin-6 (IL-6), IL-10, and tumor necrosis factor-alpha (TNF-α). However, research so far has established IL-6 as one of the key immunoregulatory cytokines present in the ovarian cancer TME that initiates many different signaling pathways that can lead to a variety of outcomes including tumor proliferation, angiogenesis, and chemoresistance. [6] [7] [8] In this review, we will focus on the role of IL-6 in the metastasis of ovarian cancer.
Metastatic ovarian cancer
Ovarian cancer is the most lethal gynecological cancer in the USA and the fifth most common cause of death from cancer in women [9] [10] [11] [12] [13] [14] ( Figure 1 ). The estimated number of new ovarian cancer cases in the USA in 2018 is 22,240 patients or 3% of all cancer diagnoses (Figure 1) , and approximately 14,070 deaths are expected in the USA in 2018 alone. 15, 16 Anatomically, the ovaries are two walnut-shaped organs that are located bilaterally to the uterus on the left and right. They secrete reproductive egg cells through fallopian tubes that carry these cells from either ovary to the uterus. At the junction between the fallopian tube and the ovary, each fallopian tube tapers into fimbriae. Research suggests a dual type I and type II classification system of epithelial ovarian cancers based on the cancer cell phenotype and origin with three distinct subtypes within type I ovarian carcinomas. 17, 18 Type I ovarian carcinomas generally arise from nonmalignant extraovarian lesions that are able to undergo malignant transformation when implanted onto the ovary. These tumors have excellent prognosis when confined to the ovary and make up only 10% of death due to ovarian cancer. Type I tumors are further categorized into three groups to include endometriosis-related tumors (endometrioid, seromucinous carcinomas, and clear cell type), low-grade serous carcinomas, mucinous carcinomas, and malignant Brenner tumors. 19 Type II generally comprises of high-grade serous carcinomas, carcinosarcoma, and undifferentiated carcinoma. These highly aggressive tumors are present in advanced stage in more than 75% of cases and make up 90% of deaths from ovarian cancer. 19 A majority of patients with a new diagnosis of ovarian cancer present with widespread and distant metastasis; metastasis plays a major role in ovarian cancer prognosis and accounts for 80%-90% of all ovarian cancer deaths. 9, 10, 12, 14, 20, 21 Therefore, understanding the pathogenesis of ovarian cancer metastasis is an important area of research that may assist to improve clinical outcomes.
Metastasis is a complex process that involves the detachment of cancer cells from the primary tumor site, the spread of cancer cells to different tissues in the body through body systems such as vasculature or lymphatics, the attachment of a cancer cell to tissue, and then the continued uncontrolled growth of that cell in the new tissue. It involves cell motility induction, extracellular matrix (ECM) degradation, angiogenesis, intravasation, circulation, extravasation, and survival in a new environment. 22 The local tumor environment, also known as the microenvironment, contains the supporting cells that promote and enhance cancer progression. The tumor microenvironment (TME) is composed of cancer cells, matrix proteins, inflammatory cells, and stromal cells (including macrophages, pericytes, endothelial cells, regulatory T cells, myeloid-derived suppressor cells, fibroblasts, and platelets). The communication among cells of the TME 
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iL-6 in the metastasis of ovarian cancer induces apoptosis, invasion, angiogenesis, and growth at distant sites. 23, 24 Ovarian cancer is known to metastasize early, present aggressively, and spread quickly. It primarily disseminates through peritoneal ascites, spreading throughout the peritoneal cavity, which differs from most cancers that metastasize through vasculature or lymphatics. This means that ovarian cancer can superficially invade peritoneal organs including the small and large intestines and bladder. 21 When cancer cells implant in the greater omentum, they often cause ascites, which can be especially pronounced in high-grade serous carcinomas. 21, 25 Ovarian cancer cells can float freely in malignant ascitic effusions. They are able to proliferate, survive, and spread without a local solid scaffold and vascular structures seen in many other types of cancer metastasis. 21, 26 Additionally, ovarian cancer cells and peritoneal mesothelial cells are continuously secreting cytokines that promote tumorigenicity in an autocrine and paracrine fashion resulting in ovarian cancer's preferential metastasis to the greater omentum.
25,26

IL-6 function and dysregulation
Cytokines are highly localized soluble signaling proteins that are produced by almost all types of cells of the immune system such as neutrophils, monocytes, macrophages, B cells, and T cells. 1, 27 They are proteins that can stimulate or inhibit cell growth, regulate cell differentiation, begin cell chemotaxis, and influence the other cytokine expression either directly or indirectly. Cytokines can function as growth factors to increase metastasis by promoting cell adhesiveness and/or tumor angiogenesis. 1, 24, 27 Although cytokines can regulate an antitumor response depending on the TME, they can also contribute to cell transformation and malignancy during chronic inflammation. This process is dependent on the balance between the amounts of proinflammatory and anti-inflammatory cytokines and also which cytokine receptors are expressed. [1] [2] [3] IL-6 is a proinflammatory pleiotropic cytokine that is present in the TME. It is a 26 kDa low molecular weight protein with 185 amino acids that is produced by many cell types including neutrophils, macrophages, monocytes, fibroblasts, endothelial cells, lymphocytes, and tumor cells.
1-3,28,29 IL-6 is produced in response to local proinflammatory cytokines such as TNF-α, which is one of the main cytokines constitutively expressed in most malignant ovarian carcinomas and signals a vast network of other cytokines, chemokines, angiogenic factors, and transcription factors that promote metastatic spread and growth of tumor deposits through an autocrine and paracrine manner. TNF-α influences metastasis via CXCR4, survival of tumor cells via CXCR4/CXCL12, and angiogenesis through vascular endothelial growth factor (VEGF) expression and CXCL12 induction. 30 In physiological conditions, IL-6 has many functions such as recruiting neutrophils; promoting the migration, growth, activation, and differentiation of T lymphocytes; and promoting the differentiation of B lymphocytes to plasma cells in order to produce immunoglobulins. 28 IL-6 has been found to have direct stimulatory effects on many cancer cells through its actions on several cell signaling pathways that promote the cell cycle and growth. Additionally, at high concentrations IL-6 has been shown to have inhibitory effects on immune cells by inhibiting the expression of IL-2, decreasing activation of T cells, and promoting apoptosis of lymphocytes, which can prevent immune surveillance of cancer cells. 31 Overexpression and dysregulation of IL-6 measured by elevated serum levels of IL-6 and IL-6 family members have been associated with ovarian cancer along with other cancers including multiple myeloma and breast cancer. 32 Other cytokines in the IL-6 family include oncostatin M (OSM), IL-11, IL-27, IL-31, leukemia inhibitory factor (LIF), ciliary neurotrophic factor, cardiotrophin-1, and cardiotrophin-like cytokine. 33 Several of these family members have also been shown to act directly on ovarian carcinoma cells to enhance proliferation, migration, invasion, survival, and chemoresistance. [10] [11] [12] 14 Of that family of cytokines, OSM, a 26 kDa molecular weight secreted cytokine in the glycoprotein 130 (gp130) (IL-6/LIF) family of cytokines, is primarily secreted from neutrophils and macrophages. However, it is also localized to and secreted from tumor cells and lymphocytes and exhibits many pleiotropic effects through inhibition of proliferation of some cancers while inducing proliferation in others. 51, [70] [71] [72] [73] [74] [75] [76] [77] A potential area for future research would be to understand further how OSM functions and how to utilize it to prevent ovarian cancer metastasis.
When IL-6 binds to its IL-6 receptor (IL-6R) or common signal transducer subunit gp130, it can activate multiple signaling pathways. 34 These pathways include the Janus tyrosine kinase (JAK), STAT3 pathway, [10] [11] [12] 14, [33] [34] [35] the mitogenactivated protein kinase pathway, 34 and the phosphoinositide 3-kinase/AKT pathway. [10] [11] [12] 14, 25, 34 Of these pathways, IL-6-induced activation of the JAK/STAT3 pathway is one of the most studied pathways involving IL-6R dimerization, leading to JAK2 recruitment, STAT3 phosphorylation and dimerization, then translocation of the STAT3 dimer from the cytoplasm to the nucleus. In the nucleus, STAT3 alters the transcription of many genes, including genes that play a role in proliferation, migration, differentiation, angiogenesis, 
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Browning et al survival, and resistance to apoptosis induced by chemotherapy. [10] [11] [12] 14, 36 In normal cells, STAT3 activation is highly regulated and transient; however, in cancer cells, there is often a continuous activation of the STAT3 pathway by IL-6 that is correlated with aggressive behavior of high-grade ovarian cancer and poor prognosis. [37] [38] [39] [40] [41] One study by Silver et al demonstrated that activated STAT3 was found more often in high-grade epithelial ovarian cancer that was diagnosed at a later stage rather than in low-grade cancer. This study also suggests that activation of JAK/STAT signaling pathway is involved in ovarian cancer motility, cell survival, and proliferation and that STAT3 is required for ovarian cancer cell migration. 40 Saini et al showed that activation of STAT3, particularly STAT3 phosphorylation at Tyr705, is needed for ovarian tumor metastasis and is greatly expressed by metastatic cells that are present in ascites; ascites is known to be directly related to the peritoneal spread of ovarian cancer. 9, 42 IL-6 may be either constitutively secreted directly by ovarian carcinoma cells or through secondary inflammatory and tumor-infiltrating cells, including fibroblasts, tumorassociated macrophages (TAMs), T cells, and natural killer cells, and works to promote tumor cell detachment and migration. In peritoneal fluid with metastatic ovarian carcinoma, a study by Isobe et al found that M2-polarized TAMs were the primary IL-6-secreting cells. These types of macrophages have been shown to display mostly tumor-promoting effects and increased number of TAMs within a tumor has been associated with worse prognosis. 43 They demonstrated that increased levels of IL-6R are independently prognostic for worse progression-free survival. 6 Additionally, they showed that exogenous treatment of IL-6 induced proliferation, invasion, and VEGF expression in all experimental ovarian cancer cell lines. This effect was IL-6 dose-dependent and was attenuated with the preadministration of anti-IL-6R antibodies. Higher levels of serum and peritoneum fluid IL-6 were more commonly associated with aggressive metastatic ovarian carcinomas. 6, 38, 39 IL-6 activation of STAT3 results in the expression of cell cycle-promoting proteins such as c-MYC and cyclins D1, D2, and B1, while also downregulating the cyclindependent kinase inhibitor, p21, promoting entry into the cell cycle. Additionally, STAT3 has been shown to alter the resistance of stem cell-like cells to chemotherapy. 36, 44 STAT3 increases the expression of survival proteins such as BCL-2, BCL-xL, survivin, and MCL-1, which contribute to cancer phenotypes of chemoresistance and survival. [10] [11] [12] In ovarian cancer, it has been shown that the IL-6-induced JAK/STAT signaling pathway enhances tumor cell growth and resistance to chemotherapy. 45 IL-6 also facilitates the invasion of other tissues and blood vessels by cancer cells through its prominent role as an important trigger of epithelial-to-mesenchymal transition (EMT). 4, 5, 46, 47 EMT is a transcriptionally regulated natural process where epithelial cells express certain proteins involved in important processes such as embryogenesis, gonadal development in the ovary, and wound healing. 48, 49 In EMT, cell polarity and expression of anchoring proteins are lost in stationary epithelial cells and replaced with mesenchymal proteins such as vimentin and/or N-cadherin expression, which leads to invasive, migratory, and stem cell properties. 50 IL-6-induced EMT activates STAT3, which promotes transcription of ZEB1, a transcription factor that promotes the production of mesenchymal-like proteins and a mesenchymal phenotype. 51 This process, however, can be utilized by carcinoma cells to promote invasion, metastasis, and reoccurrence and is hypothesized to be the first step in the metastatic cascade of cancer cells. 32, [45] [46] [47] 50, 52, 53 Additionally, EMT leads to altered E-cadherin expression, which plays a crucial step in cancer progression. E-cadherin is a calcium-dependent cell adhesion glycoprotein expressed by surface epithelial cells that functions as an inhibitory factor for malignant transformation, invasion, and metastasis. Therefore, loss of E-cadherin is a rate-limiting step of invasion and loss of differentiation of cells and is a marker for EMT. [54] [55] [56] In ovarian cancer, there are lower levels of tumor cell E-cadherin expression in ascites and metastatic site compared with the primary ovarian tumor, which contributes to the tumor's increased invasiveness. 21 EMT-associated transcription factors that suppress E-cadherin expression include TWIST, SNAIL, and ZEB1. [45] [46] [47] 50, 57, 58 Furthermore, because ovarian cancer metastasizes through peritoneal cavity shedding, the re-expression of E-cadherin during a process called mesenchymal-to-epithelial transition, in which metastatic cells re-express epithelial tight junction proteins and anchor proteins, helps to stabilize metastatic cells through adhesion to the peritoneal cavity further contributing to tumor formation. 54, 56 In addition to local invasion, another characteristic gained by aggressive metastatic potential of ovarian cancer is angiogenesis or new blood vessel formation from preexisting vessels. Angiogenesis is an adaptive method for cancer cells by which they increase much needed supplies of oxygen and nutrients while growing, creating new conduits for their spread to distant areas. 59 Increased IL-6/IL-6R expression has shown to lead to increased expression of VEGF, a potent growth factor, that promotes angiogenesis. [10] [11] [12] 14 Another invasive characteristic in ovarian cancer is the secretion of proteases needed for ECM degradation. IL-6 can also contribute to the proliferation and invasion of cancerous cell lines by increasing their ability to secrete matrix metalloproteinase 9 (MMP-9).
60,61 MMP-9 (gelatinase B, 92 kDa type IV collagenase) is a zinc-dependent metalloproteinase that functions as an ECM-degrading protease. MMP-9 is involved in the degradation of type IV collagen (an important barrier to tumor cell invasion as it is a major structure in the basement membrane), gelation, and other ECM macromolecules and plays a role in tumor invasion and metastasis. 60, [62] [63] [64] A meta-analysis of 30 studies that examined the link between increased MMP-9 expression and survival of ovarian cancer showed that MMP-9 expression substantially predicted poor prognosis in ovarian cancer patients. 63 Hu et al utilized RNAi to explore the function of MMP-9 in ovarian cancer cell invasion and adhesion and determined that downregulation of MMP-9 expression leads to decreased invasion and adhesion of ovarian cancer cells. 64 Furthermore, MMP-9 is also found to be statistically higher in patients with malignant and recurrent ovarian cancer. 64 Rabinovich et al studied the mechanisms of how autocrine IL-6 affects ovarian cancer cell line (SKOV-3) through upregulation of MMP-2 and MMP-9 protein production and secretion. Their study determined that IL-6 regulates these secretions in different autocrine manners but suggests that IL-6-increased secretion of MMP-9 plays a role in the tumorigenic potential of ovarian cancer cells. 65 Thus, IL-6 appears to play a significant role in contributing to the degradation of ECM, promoting cancer invasion and metastasis.
Anti-IL-6/IL-6R therapy
The effects of increased angiogenesis, invasion, and metastasis of IL-6 are often mediated through activation of the IL-6-induced gp130/JAK/STAT signaling pathway (Figure 2) , making this pathway a potential target for the development of therapeutics that suppress its constitutive and ligandinduced activation that has been shown to be involved in ovarian cancer motility, cell survival, proliferation, and resistance to chemotherapy. 36, 40 The utility of STAT3 in 
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Browning et al monotherapy and combination therapy as a possible target for ovarian cancer treatment has been explored recently. As a novel ovarian cancer treatment, Ma et al created cationic solid lipid nanoparticle (SLN) system that uses STAT3 decoy oligodeoxynucleotides (ODN), 15-mer double-stranded oligonucleotides to prevent the decoy degradation and increase in vitro efficiency of cellular uptake. 66 This study demonstrated that SLN-STAT3 decoy ODN complexes inhibit cell invasion through the upregulation of E-cadherin expression and downregulation of the SNAI1 transcription factor and MMP-9 expression. The study also showed that SLN-STAT3 decoy ODN carries both suppress growth and cause cell death through apoptosis and autophagy. 66 This shows a potential role of SLN-STAT3 decoy ODN in targeted gene delivery in ovarian cancer that can be applied in future clinical trials. In an in vitro study by Tang et al, WP1066, a small molecule capable of selectively blocking STAT3 phosphorylation at tyrosine 705 (Tyr-705) was investigated to determine the antitumor effect of WP1066 in ovarian cancer cells. Their results show that WP1066 is able to suppress proliferation, migration, and invasion while inducing apoptosis in ovarian cancer cells. 67 This also demonstrates a role of WP1066 to be researched further in clinical trials.
Due to the evidence that IL-6 is present in high amounts in malignant ovarian cells and functions to enhance ovarian tumor cell survival, angiogenesis, metastasis, and resistance to chemotherapy, anti-IL-6 therapy has been investigated as a potential therapeutic option to treat ovarian cancer and prevent metastasis. Anti-IL-6 antibodies and anti-IL-6R antibodies have become a popular area of research. Tocilizumab (Genetech, South San Francisco, CA, USA), a humanized antihuman IL-6R antibody that binds to the IL-6-binding site of human IL-6R, has been shown to improve clinical outcomes in Castleman's disease and rheumatoid arthritis. 6 In a Phase II single-arm clinical trial, siltuximab (CNTO 328; Centocor, Inc., Horsham, PA, USA), the monoclonal antibody with high binding affinity for IL-6, was assessed in patients with platinum-resistant ovarian cancer, irrespective of the IL-6 levels present. 8 Their study showed that given alone, siltuximab was well tolerated and had therapeutic activity in all 18 women with platinum-resistant ovarian cancer that participated in the study, with stable disease being achieved in eight patients with four of those patients being progression-free for >6 months. However, there were no complete or partial responses, which demonstrates that siltuximab fails to function independently in treating human ovarian carcinoma and does not offer better outcomes than existing chemotherapy regimens. 8 In another Phase I/II clinical trial of siltuximab, Angevin et al investigated the safety, efficacy, and pharmacokinetics of anti-IL-6 therapy at increasing doses in 84 patients with a history of previously treated malignant solid tumors including ovarian carcinoma. The results showed little efficacy of siltuximab as a monotherapy in the treatment of platinum-resistant ovarian cancer. 68 The lack of objective response seen with the single-drug therapy siltuximab treatment in this study, and in other studies investigating the effects of anti-IL-6 therapy in platinum-resistant ovarian cancer, suggests that IL-6 inhibition may have a limited benefit in advanced-stage ovarian cancer as a single-drug therapy. Additionally, it may mean that these late-stage cancers are IL-6 independent of STAT3 signaling and utilize additional pathways for carcinogenesis. 6, 8, 68 Future of anti-IL-6 therapy in a multitarget approach to treatment Related to the constitutively activated JAK/STAT3 in ovarian cancer, the EGFR prosurvival signaling pathway is also frequently activated and overexpressed in 70% of ovarian cancers and linked to a poor prognosis. Wen et al explored the clinical role of targeting EGFR in ovarian cancer treatment by studying gefitinib (Iressa, AstraZeneca plc, London, UK), an EGFR inhibitor. 41 The study demonstrated that EGFR inhibition enhances phosphorylation of STAT3 significantly in ovarian cancer cells. It also demonstrated that STAT3 activation blockade resulted in increased antitumor activity of gefitinib in vitro and in vivo when inhibiting both EGRF and STAT3 pathways together rather than alone. 41 Additionally, epithelial ovarian cancer cells have specific steroid receptors expressed such as estrogen receptor alpha, estrogen receptor beta, and progesterone receptor. 69 These receptors have also been researched as potential targets for therapy in epithelial ovarian carcinoma and are already being used as significant therapies in many diseases such as prostate and breast cancer. These studies suggest that blockade of many survival pathways may be necessary to attain maximum antitumor activity. 69 The data presented in this review suggest that IL-6 plays a key role in ovarian cancer metastasis, which includes ovarian tumor cell migration, proliferation, invasion, survival, and chemoresistance through induction of pathways such as JAK/STAT3 and processes such as EMT. Rather than being the most potent inflammatory cytokine involved in ovarian cancer metastasis, it is clear that IL-6 is a part of a greater group of cytokines and other inflammatory and noninflammatory growth factors that play an integral role in ovarian cancer metastasis. 
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iL-6 in the metastasis of ovarian cancer cancer metastasis. As more is learned about cytokine signaling redundancy and cross talk between receptors, there is promise to reveal the most potent cytokines involved in the promotion of EMT and metastasis, which could help in the discovery of future therapies to control or even stop this process. In addition to studying a multipronged approach to inhibiting ovarian cancer metastasis, another area of future research includes the role of OSM and how to utilize it to prevent the spread of ovarian cancer metastasis. Through more research and understanding of the pathogenesis of ovarian cancer metastasis, more novel treatment regimens and detection methods can be developed to help reduce the morbidity and mortality of women affected by this devastating carcinoma.
